A lthough major noncardiac surgery has the potential to improve the quality and prolong the duration of a patient's life, surgery may also precipitate complications such as death from cardiac causes, myocardial infarction or injury, cardiac arrest, or congestive heart failure. 1 In this article, we review what is known about the epidemiology and mechanisms of perioperative cardiac complications (i.e., from induction of anesthesia to within 30 days after surgery), preoperative methods of predicting these complications, perioperative cardiac interventions, and postoperative monitoring.
Epidemiol ogy a nd Mech a nisms of Per ioper ati v e C a r di ac Complic ations
Worldwide, more than 200 million adults undergo major noncardiac surgery each year, 2,3 and the number of such patients is increasing. 4 Both the average age of patients and the risk of cardiac complications are increasing in this group. 5 Each year, more than 10 million adults worldwide have a major cardiac complication in the first 30 days after noncardiac surgery. 6, 7 If perioperative death were considered as a separate category, it would rank as the third leading cause of death in the United States. 8 Major perioperative cardiac complications are important because they account for at least one third of perioperative deaths, 7, [9] [10] [11] [12] [13] result in substantial rates of complications, 7, 9, [14] [15] [16] prolong hospitalization, [17] [18] [19] and increase medical costs. 17, 20, 21 Figure 1 shows the preoperative factors (i.e., chronic conditions, recent conditions [up to 6 months before surgery], and acute conditions that are present at the time of hospital admission), intraoperative factors, and postoperative factors that can cause perioperative cardiac complications. Large, prospective cohort studies have shown that several chronic cardiac conditions such as coronary artery disease provide a substrate for cardiac complications after surgery. 7, [22] [23] [24] Several related chronic conditions (e.g., renal insufficiency) are also strongly associated with perioperative cardiac complications. This relationship may indicate that these conditions are a surrogate for an unknown cardiac condition, or the related conditions may exacerbate risk through other mechanisms, such as bleeding. 25 Examples of recent preoperative conditions that are independently associated with perioperative cardiac complications are high-risk coronary artery disease (i.e., myocardial infarction or Canadian Cardiovascular Society class [CCSC] III or IV angina within 6 months before surgery), 1, 7, 26, 27 stroke within 3 months before surgery, 28 and coronary-artery stenting within 6 months before surgery. 29, 30 Acute conditions such as hip fracture that involve trauma and other conditions such as aortic aneurysm rupture that require urgent or emergency surgery substantially increase the probability of cardiac complications. 1, 7, 27 This effect is probably due to the harmful pathways initiated by these acute conditions. For example, a hip fracture initiates inflammation, stress, hypercoagulable, and catabolic states that increase a patient's risk of a perioperative cardiac complication. [31] [32] [33] Surgery and anesthesia are associated with activation of the sympathetic nervous system, inflammation, hypercoagulability, hemodynamic compromise, bleeding, and hypothermia, all of which can trigger cardiac complications. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] During the past several decades, developments such as less invasive surgical interventions, improved anesthetic techniques, and enhanced intraoperative monitoring have decreased the frequency of cardiac stressors initiated in response to surgery and anesthesia. [45] [46] [47] [48] [49] Consequently, the number of anesthesia-related deaths has decreased by at least a factor of 10 in recent decades, and these deaths now occur in less than 1 in 100,000 noncardiac operations. 47, 48, 50 In contrast, postoperative mortality remains substantial; 1.5% of adults who undergo inpatient noncardiac surgery Both chronic conditions, such as coronary artery disease or renal insufficiency, and conditions that occur during and after surgery increase the likelihood that patients will have an intraoperative complication or postoperative cardiac complications or die from a cardiac cause. 7, [22] [23] [24] [25] Emergency surgery is defined as surgery performed less than 24 hours after an acute event, and urgent surgery is defined as surgery performed 24 to 72 hours after an acute event. SNS denotes sympathetic nervous system. 
Preoperative Factors
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T h e ne w e ngl a nd jou r na l o f m e dicine die during the subsequent 30 days. 4, 51 Cardiac complications are the leading cause of postoperative deaths, 7 and several postoperative factors (e.g., hypotension, tachycardia, bleeding, hypoxemia, and pain) are associated with such complications. 16, 42, [52] [53] [54] [55] [56] Pr eoper ati v e Pr edic tion of C a r di ac Complic ations Accurate preoperative estimation of the risk of perioperative cardiac events is important for several reasons. First, there is an ethical requirement to inform patients accurately about both the benefits and the risks of surgery. Patients' preferences and values may vary substantially, and patients require accurate estimates of the risks and benefits in order to make informed decisions about whether or not to undergo surgery. Accurate estimation of cardiac risk can also inform decisions about treatment (e.g., whether to use an endovascular or an open surgical approach) 46 and guide decisions about the location (e.g., recovery in a monitored setting or an unmonitored setting) and intensity (e.g., daily troponin measurements or no measurement of troponin levels) of postoperative care.
Researchers have evaluated three methods for estimating perioperative cardiac risk: clinical risk indexes, noninvasive cardiac testing, and measurement of cardiac biomarker levels. Table 1 describes two preoperative cardiac risk indexes that are endorsed in various society guidelines. 6, 22, 24, 57 The best-validated risk model is the Revised Cardiac Risk Index (RCRI). 22, 58 Its advantages are that it is simple and practical and does not require a risk calculator. However, it does not inform risk among patients undergoing emergency surgery, and the original risk estimates are 50% lower than the rates of events observed in more recent cohort studies. 59, 60 In one study, the National Surgical Quality Improvement Program risk index for Myocardial Infarction and Cardiac Arrest (NSQIP MICA) was shown to have a predictive performance that was superior to that of the RCRI. 24 Although the NSQIP MICA index has the potential to improve risk estimation, it underestimates actual risk because the definition of myocardial infarction in the study was based only on electrocardiographic changes, ST-segment elevation, or new left bundlebranch block ( Table 1) . 24 Moreover, perioperative cardiac biomarker levels were not systematically monitored in the study that formed the basis of this index, and it is known that without such monitoring, more than half of all perioperative myocardial infarctions are not detected. 16
Clinical Risk Indexes
Noninvasive Cardiac Testing
Clinical risk indexes are known to underestimate risk in some patients 61 immobile for long periods before surgery. For example, in the NSQIP MICA study, 22% of patients were completely functionally dependent (i.e., dependent on other persons for activities of daily living) and 20% were partially dependent. 24 In some patients, cardiac disease is not recognized because they have not had symptoms, owing to their immobility. Because of this limitation of clinical risk indexes, researchers have assessed whether noninvasive cardiac testing can improve the prediction of risk.
Guidelines on cardiac assessment and care of patients undergoing noncardiac surgery recommend preoperative cardiac stress testing in patients with limited functional capacity who, on the basis of clinical factors, are considered to have a risk of a major cardiac event of 1% or more and in whom the test result would influence treatment. 6, 57 The results of a large, populationbased cohort study showed that 9% of patients who were 40 years of age or older and who underwent elective major noncardiac surgery on an inpatient basis underwent a preoperative cardiac stress test. 62 Studies have shown that evidence of ischemia on cardiac testing indicates an increased risk of a perioperative cardiac complication 63 ; however, a meta-analysis showed that one third of myocardial infarctions or deaths occurred in patients with normal results on a preoperative thallium-201 stress test (i.e., one form of stress nuclear scintigraphy). 64 These studies were limited by their small size and few events. In addition, almost half used a retrospective design, the clinicians were unaware of test results in only a minority of the studies, and systematic monitoring for myocardial infarction occurred in only a few studies. 64 Moreover, none of the studies showed the overall absolute net rate of reclassification of patients to a higher or lower risk category on the basis of cardiac stress testing, as compared with the use of a clinical risk index.
A recent international prospective cohort study conducted at 12 centers in eight countries evaluated the capacity of preoperative coronary computed tomographic angiography (CCTA) to improve perioperative risk prediction in 955 patients who had or were at risk for vascular disease. 65 Physicians were unaware of the results of the CCTA unless left main coronary-artery stenosis was detected, and the patients' troponin levels were measured daily for 3 days after surgery. The primary outcome -death from cardiovas-cular causes or nonfatal myocardial infarction -occurred in 74 patients (7.7%) within 30 days after surgery.
The study showed that, as compared with the RCRI alone, findings on preoperative CCTA improved the estimation of risk among patients in whom the primary outcome occurred (adjusted hazard ratio for extensive obstructive coronary artery disease, 3.76; 95% confidence interval [CI], 1.12 to 12.62). However, the study also showed that CCTA overestimated the risk among patients who did not have the primary outcome. Table 2 extrapolates these results from the study sample of 955 patients to a sample of 1000 patients and shows the net absolute numbers of patients who would be appropriately or inappropriately reassigned to a different risk category among those who had the primary outcome (i.e., who had a nonfatal myocardial infarction or died) and those who did not. The overall absolute net reclassification in a sample of 1000 patients shows that CCTA will result in an inappropriate estimate of risk in 81 patients (on the basis of risk categories of <5%, 5 to 15%, and >15% for the primary outcome) and 60 patients (on the basis of risk categories of <1%, 1 to 5%, and >5%). 65 Overestimation of risk can have negative consequences. For example, many patients who have a positive result on preoperative cardiac stress testing are referred for invasive coronary angiography, with a plan for revascularization. 63, 64 The result may be that noncardiac surgery is delayed for months, until the patient has undergone coronary revascularization that may provide no benefit. 66 Because of an overestimation of cardiac risk, some patients may decide to delay or cancel beneficial surgery because they (and their physicians) incorrectly believe the risk to be excessive. If patients are inappropriately sent to monitored beds (i.e., critical care beds or beds in a cardiac step-down unit) because their risk is overestimated, access to care may be limited for patients at greater risk.
Measurement of Cardiac Biomarker Levels
In a meta-analysis of individual data from 2179 patients, of whom 235 died or had a myocardial infarction (the primary outcome) within 30 days after noncardiac surgery, an elevated preoperative plasma level of natriuretic peptide (i.e., a B-type natriuretic peptide [BNP] level of ≥92 ng per liter or an N-terminal pro-BNP [NT-proBNP] level of ≥300 ng per liter) was the strongest independent preoperative predictor of the primary outcome (odds ratio, 3.40; 95% CI, 2.57 to 4.47). 10 The study showed that, as compared with a preoperative clinical model alone, preoperative measurement of natriuretic peptide levels improved risk estimation among both patients who had the primary outcome and those who did not. On the basis of the 7.7% event rate in the CCTA study, the overall absolute net reclassification of risk estimation in a sample of 1000 patients is that preoperative measurement of natriuretic peptide levels, as compared with the clinical model alone, would be projected to result in a more appropriate estimate of the risk of death or myocardial infarction in 155 patients (on the basis of risk categories of <5%, 5 to 10%, >10 to 15%, and >15%). Although a smaller metaanalysis of studies that involved only patients undergoing vascular surgery suggested that lower BNP thresholds may also provide important prognostic information, data are lacking from studies to clearly establish whether other BNP and NT-proBNP thresholds provide an independent prediction of risk.
The cost of measuring natriuretic peptide levels is much lower than the cost of a stress test. Furthermore, results can be obtained within minutes with testing at the point of care. Measurement of natriuretic peptide levels is thus preferable to stress testing because it is more accurate and convenient, faster, and less expensive. In fact, measurement of natriuretic peptide levels costs less than an internal medicine or cardiology consultation, so the test might be used to decide which patients should be referred for consultation with a specialist.
Per ioper ati v e C a r di ac Interv entions
Preoperative Coronary Revascularization
The Coronary Artery Revascularization Prophylaxis trial provides the most robust data on the value of preoperative coronary-artery revascularization. 66 This trial included patients who were undergoing elective vascular surgery and who had at least one coronary artery with a stenosis of at least 70% and that was suitable for revascularization. In an article that focused on the methods in this study, 67 65 The primary outcome was defined as death from cardiovascular causes or nonfatal myocardial infarction within 30 days after surgery. The net number of patients who were reassigned to a different risk category was calculated by subtracting the number of patients who were reassigned to a lower risk group from the number of patients who were reassigned to a higher risk group on the basis of results on coronary computed tomographic angiography (CCTA) relative to the RCRI. Among patients who had the primary outcome, reassignment to a higher risk category was considered appropriate if more patients were reassigned to a higher risk group than to a lower risk group and inappropriate if more patients were reassigned to a lower risk group than to a higher risk group. Among patients who did not have the primary outcome, reassignment to a higher risk category was considered appropriate if more patients were reassigned to a lower risk group than to a higher risk group and inappropriate if more patients were reassigned to a higher risk group than to a lower risk group. CI denotes confidence interval. angina, left main coronary-artery stenosis of at least 50%, a left ventricular ejection fraction of less than 20%, or severe aortic stenosis. The 510 participants were randomly assigned to coronaryartery revascularization before vascular surgery or no coronary revascularization before vascular surgery. There was no significant effect on the primary outcome of long-term survival (Table 3) . Moreover, the trial showed no short-term benefit of preoperative coronary revascularization. 66 These data do not provide support for delaying noncardiac surgery until coronary revascularization can be performed in patients with stable coronary artery disease. In patients with CCSC III or IV angina, performing coronary revascularization before surgery may be prudent; however, an individual risk-benefit assessment is required in patients with life-threatening conditions (e.g., cancer or trauma) who require immediate noncardiac surgery. In patients who receive a coronary stent, noncardiac surgery should ideally be delayed for 6 months. 29, 30 
Interventions Targeting the Stress Response
Researchers have assessed the ability of betablockers and α 2 -adrenergic agonists to minimize the negative consequences of the perioperative sympathetic stress response. A recent metaanalysis that included data from more than 10,000 patients showed that perioperative betablockade reduced the risk of nonfatal myocardial infarction but increased the risk of death, nonfatal stroke, hypotension, and bradycardia ( Table 3 ). 68 Data from the Perioperative Ischemic Evaluation (POISE) trial (a study of perioperative beta-blockers in which 8351 patients were enrolled) showed that clinically important hypotension was a strong independent predictor of stroke and death. 70 Recognizing that clinically important hypotension was potentially responsible for the harmful effects of perioperative beta-blockade, investigators in the POISE-2 trial 42 evaluated clonidine (an α 2 -adrenergic agonist) as an alternative means to control the perioperative stress response, since previous trials had suggested that lowdose clonidine produces less hypotension than beta-blockers. 68, 71 The POISE-2 study, in which 10,010 patients were randomly assigned to receive clonidine or a placebo, showed that clonidine had no effect on the rates of myocardial infarction, stroke, or death (Table 3) . 42 Maintaining the most effective match between perioperative myocardial oxygen supply and demand may require a balance between decreasing the heart rate (thus minimizing demand) 72 and avoiding clinically important hypotension (ensuring supply). 42 The perioperative trials showed that beta-blockade provides substantially better heartrate control than clonidine and only a limited increase in hypotension, and these factors may explain their differing effects on myocardial infarction. 42, 68, 70 Some reviewers have suggested that the harm associated with beta-blocker use in the POISE study resulted from an excessive dose. 73 A metaanalysis of studies of beta-blockers by a task force of the American College of Cardiology and the American Heart Association 68 showed, however, that the increased risk of stroke and death was qualitatively unchanged when the POISE data were omitted. Other authors have suggested that it is more appropriate to initiate beta-blockade weeks, instead of hours, before surgery. 74 However, because most patients are seen in preoperative clinics within days or weeks before surgery, adjustment of the beta-blocker dose presents a challenge. Moreover, whatever dose of a beta-blocker a patient is able to receive without adverse events before surgery cannot be assumed to be safe for perioperative use, since hypotension is common after surgery. 42 Controlling the perioperative sympathetic stress responsehas benefit, but it is necessary to find a way to do it safely. A strategy that holds promise is the use of personalized beta-blocker therapy to treat ischemia and tachycardia that is identified by means of a remote, automated, continuous monitoring system that noninvasively assesses a patient's hemodynamic status and ST-segments after surgery.
Use of Aspirin
Although some perioperative myocardial infarctions are due to thrombosis, 75 the POISE-2 trial showed that aspirin did not reduce the risk of myocardial infarction but increased the risk of major bleeding (Table 3 ). 41 In this study, patients were randomly assigned to start taking aspirin or placebo just before surgery and to continue it postoperatively. POISE-2 included 5628 patients who were not previously receiving aspirin and 4382 who had been receiving aspirin for a long time but had stopped taking it a median of 7 days before surgery. The results were similar between these two subgroups of patients and also in the subgroup of 3271 patients with known vascular disease. 41 In POISE-2, the occurrence of life-threatening or major bleeding was an independent predictor of myocardial infarction (hazard ratio, 1.82; 95% CI, 1.40 to 2.36). The incidence of myocardial infarction and the incidence of all major bleeding was similar (6.3%) -a result that may explain why aspirin was not beneficial in the perioperative period. In contrast, the Antithrombotic Trialists' Collaboration meta-analysis showed the benefits of aspirin in patients who were not undergoing surgery; in these patients, the risk of myocardial infarction is usually higher than the risk of major bleeding. 76 These data suggest that aspirin should not be administered during the perioperative period, but that it is important to reinitiate the use of aspirin 8 to 10 days * All studies were randomized, controlled trials except for the meta-analysis of randomized, controlled trials evaluating the effects of perioperative beta-blockers at 30-day follow-up by Wijeysundera et al. 68 CARP denotes Coronary Artery Revascularization Prophylaxis, FOCUS The Transfusion Trigger Trial for Functional Outcomes in Cardiovascular Patients Undergoing Surgical Hip Fracture Repair, and POISE-2 Perioperative Ischemic Evaluation 2. † In the CARP trial and the meta-analysis of studies by Wijeysundera et al., results were reported as relative risks. In FOCUS, results were reported as odds ratios, and in the POISE-2 trials, results were reported as hazard ratios. ‡ FOCUS evaluated the effects of a hemoglobin transfusion threshold of 10 g per deciliter (liberal strategy) as compared with a hemoglobin level of less than 8 g per deciliter (restrictive strategy and control group) in patients with a hemoglobin level below 10 g per deciliter after surgery for a hip fracture. after surgery in patients with an indication for long-term aspirin use. 41
Transfusion Threshold
The Transfusion Trigger Trial for Functional Outcomes in Cardiovascular Patients Undergoing Surgical Hip Fracture Repair, a major trial of noncardiac surgery, has provided important insights into the relative effects of a liberal strategy for blood transfusion (hemoglobin level, 10 g per deciliter) and a restrictive strategy (hemoglobin level, <8 g per deciliter) in patients undergoing surgery for hip fracture. 69 This trial, which included patients who had either cardiovascular disease or risk factors for it, showed no benefit associated with a liberal transfusion strategy ( Table 3 ). This study was limited to patients undergoing hip-fracture surgery. However, a restrictive transfusion strategy after any noncardiac surgery is probably prudent unless proved otherwise.
Shared Care
Surgeons are often busy in operating rooms, which limits their ability to respond rapidly to postoperative medical complications on surgical wards. For example, among the 5001 patients who received placebo in the POISE-2 trial, 42 the median duration of clinically important hypotension during surgery was 15 minutes, whereas on the first postoperative day it was 150 minutes (P<0.001). These data suggest a need for procedures to facilitate more rapid management of cardiovascular compromise on surgical wards.
Models of shared care arrangements between surgeons and readily available medical specialists have the potential to improve outcomes for patients. This idea is supported by data from a meta-analysis that showed lower mortality among patients who underwent surgery for a hip fracture and whose care was comanaged by surgeons and geriatricians, as compared with surgeons alone. 77 
Pos t oper ati v e Monit or ing
Monitoring for Hypoxemia, Hemodynamic Compromise, and Myocardial Ischemia
Within hours after surgery, most adults return to a surgical ward, and thereafter their vital signs are evaluated only every 4 to 8 hours, in contrast to the intensity of intraoperative monitoring. 78, 79 Moreover, after surgery, patients usu-ally receive analgesic medications that can blunt their awareness and mask cardiac symptoms. 7, 16 A recent study from the Cleveland Clinic that included a representative sample of adults who underwent inpatient noncardiac surgery showed that nurses detected a 5% incidence of hypoxemia (defined as the saturation of peripheral oxygen measured by means of pulse oximetry [Spo 2 ] of <90%) during patients' first 48 hours on a surgical ward after surgery. 80 Among the 564 patients in whom nurses did not detect hypoxemia, pulse-oximeter recordings of which the health care providers were unaware showed that 38% of these patients had at least one continuous episode of an Spo 2 of less than 90% lasting 1 hour or more, and 10% of the patients had at least one continuous episode of an Spo 2 of less than 85% lasting 1 hour or more. Considering that hypoxemia lasting more than 5 minutes is associated with an increased risk of myocardial ischemia, these results suggest that insufficient monitoring on surgical wards poses a risk to patients. 56 Multivariable analysis from the POISE-2 trial showed that clinically important hypotension was an independent predictor of the subsequent risk of myocardial infarction (adjusted hazard ratio, 1.37; 95% CI, 1.16 to 1.62) during a 30-day follow-up. 42 Studies have also shown that continuous ST-segment monitoring after surgery can identify asymptomatic ischemia that is independently associated with myocardial infarction. [81] [82] [83] These data suggest that new monitoring strategies are needed on surgical wards if postoperative care is to achieve improvements similar to those that have occurred in intraoperative care. Moreover, the data suggest that remote automated systems for continuous noninvasive monitoring of oxygen saturation, hemodynamic variables, and ST-segment depression or elevation in patients after surgery can identify impending cardiac events much sooner than currently occurs in routine care.
Data are lacking from studies to establish the most appropriate thresholds for identifying hypoxemia, hemodynamic compromise, and ischemia, while minimizing the risk of false alarms and alarm fatigue. Moreover, randomized, controlled trials are lacking to establish effective treatment strategies (e.g., beta-blockade for tachycardia or ischemia in patients with an adequate blood pressure) and cost-effectiveness.
T h e ne w e ngl a nd jou r na l o f m e dicine
Measurement of Troponin Levels
Most myocardial infarctions occur within 48 hours after noncardiac surgery, when patients are receiving analgesic medications that can mask symptoms of ischemia. 16 This use of analgesic medications probably explains why 65% of patients in whom a perioperative myocardial infarction occurs do not have symptoms of ischemia. Asymptomatic myocardial infarctions are associated with an increase in the risk of death within 30 days (adjusted odds ratio, 4.00; 95% CI, 2.65 to 6.06) that is similar to that after symptomatic myocardial infarctions (adjusted odds ratio, 4.76; 95% CI, 2.68 to 8.43). 16 Moreover, asymptomatic perioperative elevations in troponin levels that are interpreted as evidence of myocardial injuries due to ischemia but that do not fulfill the universal definition of myocardial infarction are also associated with increased risk of death at 30 days (adjusted hazard ratio, 3.30; 95% CI, 2.26 to 4.81). 7 Figure 2 shows the numbers of patients worldwide who undergo major noncardiac surgery each year and, among other outcomes, the frequency of myocardial injury due to ischemia that does not fulfill the universal definition of myocardial infarction, the frequency of myocardial infarction that does not fulfill the definition, the numbers of patients who have elevation of troponin levels because of a nonischemic event, and the numbers of patients who do not have an elevated level of troponin after surgery. 7, 16 Despite observational studies that suggest that cardiovascular drugs used for secondary prevention are beneficial and cost-effective in patients in whom a perioperative myocardial infarction or injury occurs, 16, 84, 85 a substantial proportion of these patients are discharged with- The numbers of patients worldwide who undergo major noncardiac surgery each year are shown, along with outcomes. Percentages may not sum as expected owing to rounding of absolute numbers. Data are from Botto et al. 7 out receiving such drugs. 16 Without monitoring of perioperative troponin levels during the first few days after surgery in patients with known vascular disease or risk factors, the majority of myocardial infarctions and injuries will go undetected. There may also be value in obtaining a measurement of troponin levels before surgery, because it may provide independent prognostic information. 86 In addition, and in centers where a highly sensitive troponin assay is used, physicians may find it helpful to evaluate the preoperative-to-postoperative changes in these levels. 87 
Conclusions
Death during surgery is now rare, but postoperative death is not. Cardiovascular complications are the leading cause of death within 30 days after noncardiac surgery. Measurement of natriuretic peptide levels has substantial advantages over noninvasive cardiac testing (such as stress echocardiography, stress nuclear scintigraphy, and CCTA) as a means to enhance preoperative risk prediction. Although randomized, controlled trials have not identified an effective and safe intervention to prevent perioperative cardiac complications, some trials have identified ways to improve safety. Enhanced monitoring on surgical wards and rapid management of cardiac complications when they occur may improve outcomes. Because most patients in whom a perioperative myocardial infarction occurs do not have symptoms, physicians should monitor troponin levels after surgery in patients with risk factors in order to avoid missing these prognostically important events.
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